Using synthetic oligonucleotides as probes we have cloned the streptavidin gene from a genomic library of Streptomyces avidinii. Nucleotide sequence analysis indicated that a 2 Kb DNA-fragment contained the entire coding region, a signal peptide region and the 3 1 and 5' flanking regions of the gene. The deduced amino acid sequence shows several interrupted blocks of homology with the amino acid sequence of chicken egg-white avidin. Analysis of the secondary structure suggests a high content of beta-structure in both proteins and considerable overall structural similarity between them.
INTRODUCTION
Streptavidin, a 60,000 dalton protein produced by Streptomyces avidinii, forms a very strong and specific non-covalent complex with the water-soluble vitamin biotin (1) (2) . The protein consists of 4 identical subunits of approximate molecular weight 15,000, binds 4 mol of biotin per mol of protein, and is free of carbohydrate. Avidin, a basic glycoprotein usually isolated from chicken egg-whites, shares with streptavidin some common characteristics such as molecular weight, subunit composition and capacity to bind biotin, forming a complex of very high affinity (K,~10 M) (3, 4) . However the two proteins have rather different amino acid compositions, but both have an unusually high content of threonine and tryptophan.
Since biotin can be conjugated to a variety of biological molecules, the strong and specific biotin binding capacity of avidin or streptavidin has been exploited for the detection, localization or purification of proteins, carbohydrates and nucleic acids (5) (6) (7) (8) . At present, methods of biotin detection have been significantly improved and sensitive detection systems are commercially available. We were interested in cloning the streptavidin gene to further construct expression vectors to produce fused proteins which could be easily detected or purified by means of the binding of biotin.
In this paper we describe the strategy used to clone the streptavidin gene, we present its complete nucleotide sequence, and we show the results of a comparison of the primary and secondary structure of streptavidin and avidin.
MATERIALS AND METHODS Enzymes and other reagents
All enzymes and chemicals used were from Bethesda Research Laboratories, New England Biolabs, Boehringer Mannheim Biochemicals or Pharmacia P-L Biochemichals. Radiochemicals were from New England Nuclear. Streptavidin was generously supplied by Bethesda Research Laboratories. Amino acid sequence and amino acid analysis Analysis by SDS-polyacrylamide gel electrophoresis of the preparation of streptavidin used showed, besides a main protein band, some material of lower molecular weight, possibly a degradation product of the protein. In order to obtain a pure component for amino acid sequence analysis, the preparation of streptavidin was electrophoresed in a preparative 15% slab SDS-polyacrylamide gel (9) and the main, higher molecular weight protein band, was purified from the gel. Visualization of the protein bands, elution and SDS elimination were carried out essentially according to Harger and Burgess (10) . NH 2 -terminal sequence analysis of the protein was performed using a Beckman 890B automatic sequencer. The identification of amino acids was carried out by HPLC (11) . For amino acid analysis, the gel-purified protein was hydrolyzed with 6 N HC1 in the presence of /b-mercaptoethanol (1:1000) at 110°C under vacuo for 24 h, and the hydrolysate was analyzed on a Beckman 121MB amino acid analyzer. Synthesis, purification and labelling of oligonucleotides Oligonucleotide mixtures (see Fig. 1 ) were synthesized by the solid-phase phosphite triester method using an Applied Biologicals DNA/RNA synthesizer (12) . The oligonucleotides were purified by preparative polyacrylamide gel electrophoresis on a 15% sequencing gel. Purified oligonucleotides were labelled at the 5" end with #[ 32 P]ATP (4,000-6,000 Ci/mmol) and polynucleotide kinase. Unincorporated ATP was removed by chromatography on DEAE-cellulose (13) .
Construction of the genomic library from Streptomyces avidinii Purified chromosomal DNA from Streptomyces avidinii was partially digested with Mbol and the DNA fragments ranging between 6-19 Kb were purified by agarose gel electrophoresis. Charon 30 DNA (14) was digested to completion with BamHI, the arms isolated by agarose gel electrophoresis and then ligated with the DNA fragments of Streptomyces avidinii using T4 DNA ligase. The recombinant DNA was packaged in vitro into bacteriophage particles according to Maniatis et al. (15) . Screening of DNA clones E. coli LE 392 cells were infected with the recombinant phages, plated in NZYCM-soft agarose on NZYCM (15) agar plates and grown at 37°C. Two plates containing approximately 8x10 phages each were used for the screening. Three replica filters were prepared for hybridization according to Benton and Davis (16) . Filters were pre-hybridized in 75 mM Tris-HCl pH 8, 100 mM sodium phosphate pH 6.5, 750 mM NaCl, 5 mM EDTA, 1% SDS, lOxDenhardt and 100 jig/ml of denatured salmon sperm DNA for 3 h at 25°C. Hybridization was done in the same solution in the presence of 4 ng/ml of labelled probe (Stvl4, see Fig 1) at a specific activity of 10^-10^ cpm/pg of oligonucleotide. Filters were hybridized at 25, 28 and 31°C (one replica at each temperature) for 30-36 h then washed at 25°C for 45 min with three changes of 250 ml of the same solution used for prehybr idization except that Denhardt and DNA were omitted. Filters were blotted dry and exposed to Kodax XR5 X-ray film with an intensifying screen. DNA sequence analysis Restriction fragments of the gene were subcloned into M13 mpl8 and mpl9 (17) and sequenced by the dideoxy chain termination method (18) . Secondary structure prediction method
Computer programs have been developed that compare the amino acid sequences of proteins to a series of sequence patterns that have been shown to be characteristic of secondary structure elements in proteins of known tertiary structure (19) (20) (21) . These patterns have been found to be approximately 90% accurate in identifying the turns that separate helices and beta strands (20) . The patterns used to evaluate helical and beta propensities were taken from a study of DL/p proteins (19) augmented with others characteristic of all-helical and all-beta proteins (20) . These patterns are clearly less reliable (ca. 70% correct) than the turn finding procedure. Extension of the methods to groups of sequences known to be closely related (e.g. myoglobins and immunoglobulins) did not degrade the reliability of the method (19) .
RESULTS AND DISCUSSION
Amino acid sequence of streptavidin NH2-terminal amino acid analysis of a commercial preparation of streptavidin indicated the presence of both alanine and aspartic acid in the first cycle of Edman degradation of the protein. This heterogeneity can be explained by the fact that when this preparation was examined by SDS-polyacrylamide gel electrophoresis, two main protein bands with an approximate molecular weight of 17.5 and 15.5 Kd were observed. The higher molecular weight band accounted for 60-70% of the total stained protein material present in the gel. To determine the amino acid sequence, the 17.5 Kd-polypetide chain was gel purified as described in Materials and Methods. The approach used for the isolation of the clone containing the streptavidin gene was to screen a genomic library of Streptomyces avidinii with a mixture of 16 oligonucleotides, 14 nucleotides long (Stvl4) that represent all possible codon combinations for a small portion of the amino acid sequence of streptavidin (Fig 1) .
Several clones, which remained positive at the three temperatures of hybridization used (see Materials and Methods) were isolated. In order to confirm the presence of the desired clone, purified DNA from each presumptive positive clone was cut with BamHI, the DNA fragments were separated by agarose gel electrophoresis and analyzed by the Southern blot technique (22) . In addition to Stvl4, another probe, Stvll (Fig 1) which was derived from a different part of the amino acid sequence, was used. Both probes, Stvl4 and Stvll, hybridized specifically to a single fragment of approximately 2 Kb (data not shown). Nucleotide sequence analysis and amino acid sequence.
In order to identify the region containing the complementary sequence of the probe, the 2 Kb-fragment was cut with Sau3AI, subcloned into BamHI-cut M13, and the recombinants were screened with 32p_i a tj e n eo < stvl4 probe. The DNA sequence obtained from an isolated positive clone showed the presence of part of the coding region of the gene and the sequence complementary to both probes. To localize this fragment within the 2 Kb, a partial restriction map of the 2 Kb-fragment was constructed using the method of Smith and Birnstiel (23) . In order to obtain the complete nucleotide sequence of the gene, appropriate overlapping fragments were subcloned into M13 and sequenced. Fig 2 shows the partial restriction map of the 2 Kb-fragment and the strategy used to sequence the streptavidin gene.
The complete nucleotide sequence of the streptavidin gene along with the amino acid sequence is shown in Fig 3. The amino acid sequence of residues 1 to 40 is in perfect coincidence with that obtained from the protein sequence shown in Fig 1. The amino-terminal amino acid of the protein isolated in vitro is aspartic acid, thus residues -24 to -1 must be posttranslationally removed to yield this mature protein. The extra 24 amino acids show common characteristics with those signal peptides present in the genes of most transmembrane and secreted proteins (24) . This finding is in agreement with the fact that streptavidin has been described as a secreted protein (1). After amino-terminal processing the mature protein contains 159 amino acids and has a calculated molecular weight of 16,500 dalton, in close agreement with the value of approximately 17,500 dalton found for the streptavidin subunits by SDS-polyacrylamide gel electrophoresis (data not shown).
A comparison of the amino acid composition of streptavidin obtained from the amino acid sequence derived from the nucleotide sequence, the amino acid analysis of the gel-purified protein, and a previously reported amino acid composition (4), is shown in Table 1 . The values obtained from nucleotide sequence are in good agreement with those obtained from amino acid analysis of the gel-purified protein within the error of amino acid analysis. The previously reported numbers of residues per streptavidin subunit had been calculated by assuming a total of 130 residues for the protein (4). Comparison of these values with those obtained from the nucleotide sequence shows differences in several amino acids. This discrepancy cannot be explained by an underestimation in the total number of residues, since some differences persist and others appear after correction of the reported values for a total of 159 amino unique NH_-group, probably one of the three lysine residues (9, 71 and 111) which are adjacent to the tryptophans, has been found to be important for the biotin-binding activity of avidin (4) . In streptavidin, two of these three lysines are conserved as lysine residues (80 and 121) also next to tryptophans.
Secondary structures were calculated for both proteins using algorithms that predict conformation from amino acid sequence (19) (20) (21) . Fig 5 shows the residues at which alpha helical, beta-strand or turn features are centered. Both proteins show a clear structural homology with a high preponderance of beta structure. The alternating hydrophobic, hydrophilic pattern for most of the suggested beta-strands is consistent with a folded beta-sheet or beta-barrel geometry (26) . The overall composition pattern of both sequences suggests that both proteins fall in the family of "all beta" proteins (27) . The list of turns shown in Fig 5 is incomplete but there is a good probability (19) that the assigned ones are correct. The extent and exact location of beta-structure is more difficult to predict. On the other hand it is clear there is little, if any, alpha-helix in both proteins. The best chance for finding alpha-helices is in the N-terrninal region of streptavidin and the C-terminal region in both proteins.
In agreement with these predictions/ avidin has been found to have a content of 55% beta-structure and 5% alpha-helix as determined by raman spectroscopy (28) .
Even though both proteins show some physico-chemical differences such as isoelectric point, content of carbohydrates and amino acid composition, they have similar subunit composition, molecular weight and affinity for biotin. This, along with the homology found in several stretches of the amino acid sequence and the overall secondary structure similarity of both proteins suggests that functional and structural constraints have been remarkably conserved during their evolution. It is reasonable to speculate that there is only one way to create a binding site with such high affinity for biotin, and when the tertiary structures of both proteins are available the binding sites residues will be identical.
